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Abstract 
In a first part, this paper presents the reason why during the last fifteen years the industry move from conventional material to more 
technically adapted or only more economical solutions. Several examples are described: 
x the use of lean duplex UR2304, duplex UR2205 or superduplex UR2507 in the potable water production from seawater, 
x the use of superduplex grades UR2507Cu (UR52N+) and superaustenitic UR904 (URB6), UR28 (URB28) and UR31 in the production 
of phosphoric acid, 
x the use of UR2205 for chemical transport or storage, 
In a second part, mechanical and corrosion resistance properties of the new Mo free lean duplex UR2202 will be detailed and commented. 
This material has been recently developed as alternative to 300-series like 304L and in some cases 316L and are less susceptible to nickel 
and molybdenum price fluctuation. Among others, this new material appears to be a great alternative to austenitics in potable or industrial 
water applications.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of SYMPHOS 2013.  
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1. Introduction 
Since the last decades duplex (austeno-ferritics) and superduplex grades were more and more used in the industry, often 
replacing austenitic or superaustenitic grades for technical and/or economical reasons. The chemical compositions of 
materials described in this paper are detailed in Table 1 as well as their mechanical properties. Duplex grades contain high 
chromium, high nitrogen and low nickel contents with increased mechanical properties (yield strengths twice the value of 
austenitic grades). This is due to their dual microstructure containing about 50%ferrite and 50%austenite as well as a high 
nitrogen content. Usual grades 304L and 316L type are used in low to mildly aggressive environments and are now replaced 
by lean duplex and duplex, like in the evaporators of thermal desalination processes or in chemical tankers. Superduplex and 
superaustenitic grades are dedicated to very demanding applications like in the reverse osmosis process involving natural 
seawater at ambient temperature and phosphoric acid production. The aim of this paper is to describe the successful 
experiences in the austenitic’s replacement by corresponding duplex grades in some industries and to discuss the new trends 
for recently developed material like the lean duplex UR2202. 
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Table 1. Typical chemical analysis and guarantied mechanical properties of several stainless steel grades in w% (PREN = Cr% + 3.3X Mo% + 16 N%, 
0.2YS = Yield Strength at 0.2%, UTS = Ultimate Tensile Stress). 
2. Desalination industry 
Several processes exist to produce fresh water from seawater: the reverse osmosis and the thermal processes. We propose 
a review of some of the main corrosion risks related to each processes. 
2.1. Reverse osmosis
In the reverse osmosis process, the water is separated from the dissolved salts by flowing through a water-permeable 
membrane, encouraged by the pressure differential between both sides. No heating is necessary for this step and seawater is 
pumped and transported at room temperature. Tests carried out in heated seawater showed that a potential ennoblement is 
observed in natural seawater for the lowest temperatures, below 40°C (see Figure 1). This ennoblement, quoted in the 
bibliography to occur after several days and until +250 and +350mV/SCE, is related to biofilm formation that enhances 
oxygen reduction reaction in the process of corrosion. As a consequence at ambient temperature, localized corrosion risk is 
most severe in natural seawater than in synthetic chlorides containing solution due to the presence of biofilm [1]. 
Family Grade AISI or UNS C Cr Ni Mo N Cu PREN 0.2YS(MPa)
UTS
(MPa)
UR2507Cu
(UR52N+)
S32520/ 
S32550 <0.03 25 6.5 3.5 0.25 1.5 >40 550 760
UR2205Mo
(UR45NMo)
S31803/
S32205 <0.03 22.5 6 3.1 0.17  - >35 480 680
UR2205
(UR45N) S31803 <0.03 22.5 5,3 2.8 0.16  - >33 480 680
UR2304
(UR35N) S32304 <0.03 23 4 - 0.10  - >24 400 600
UR2202
(UR25N) S32202 <0.03 22.5 2 - 0.20  - >24 450 650
UR66 S31266 <0.02 24 22 >6 0.4 1.5 50 420 750
UR31 N08031 <0.02 27 31 6.5 0.2 1.2 48 280 650
UR28
(URB28) N08028 <0,02 27 31 3.5 0.05 1 38 220 500
UR254 S31254 <0.03 20 18 >6 0.2 0.5-1 42 300 650
UR904
(URB6) N08904 <0,02 20 25 4 0.08 1.5 37 245 550
CLC 17.13.3LN 316LN <0.03 17.5 11.5 2.6 0.15  - 29 250 590
CLC 11.12.2L 316L/S31603 <0.03 17 11.5 2.1  -  - 24 225 520
CLC 18.10L 304L <0.03 18.5 10.5 -  -  - 18 200 500
Ni-Base Alloy G30 N06030 <0.03 29.5 60 5  - 1.7 345 700
Duplex
Austenitic
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Figure 1. Effect of temperature on corrosion potential in seawater. 
From the sea to the reverse osmosis plant, chlorination treatment is often applied to avoid biofouling then chlorine is 
removed to avoid membrane damages. Applying a chlorination treatment is known to increase corrosion potential of 
stainless steels and can be detrimental to localized corrosion resistance depending of the range of concentration and 
temperature. 
Taking into account ennoblement of potential by biofilm and/or chlorination treatment as well as the design of 
installation, the main risks to take into account are pitting and crevice corrosions. A study was launched to investigate effect
of temperature, chlorine level, dissolved oxygen content and severity of crevice geometry on the initiation and propagation 
of crevice corrosion for a wide range of stainless steels [2]. A summary of results obtained in 0.5ppm chlorinated seawater 
using a specific crevice assembly (see Figure 2) at different temperatures is presented on Figure 3. Such diagrams will 
obviously largely depend on parameters such as roughness, gasket pressure and the nature of the gasket and it could be 
drawn for each real industrial assemblies (e. g. threaded connections, flanges, etc.). It appears in those conditions that 
welded superduplex and superaustenitic stainless steels resisted crevice corrosion in chlorinated seawater at 30°C under 
gasket pressure of 3 N/mm2. The interesting crevice corrosion resistance of superduplex stainless steel in comparison to 
duplex or austenitics in natural seawater chlorinated or not, is confirmed in several recent papers [3-4]. Additionally, the use
of high strength superduplex instead of 6Mo grades in the first loop of seawater reverse osmosis system allow to reduce the 
wall thickness of high pressure (| 80bars) pipes. 
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Figure 2. Schematic representation and picture of the crevice assembly (based on CREVCORR assembly). 
Figure 3. Influence of temperature and crevice geometry (with PVDF gasket) as a function of tested rolled plate grade on the crevice corrosion of stainless 
steel in 0.5 ppm-chlorinated seawater. 
2.2. Thermal process 
Corrosion risks involved in thermal desalination, whose main processes working at high temperatures are Multi Stage 
Flash distillation (MSF) and Multi Effect Distillation (MED), are different than those encountered in natural seawater, at 
least for the evaporation part. In fact in a neutral or slightly basic environment, such as seawater, localized corrosion is 
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possible if some oxygen or another oxidizing species are present. If the evaporators of a MED installation are well 
monitored, the localized corrosion of stainless steels cannot occur because the solution is deaerated. On the other hand, 
corrosion can be observed during installation shutdowns or during accidental air inlets, since it can be initiated as soon as 
the concentration in oxygen reaches a certain value. During plant shutdowns, the venting of the installation is usually 
performed when the internal temperature reaches 40-50°C. At such temperatures no effect of biofilm is observed as 
mentioned in the reverse osmosis part. The solution, always present in the installation, is mostly brine. The Figure 4 
summarizes the pitting corrosion resistance of both austenitic and duplex stainless steels using polarization tests carried out
in an environment simulating aerated brine (50g/L NaCl, pH=6.4) at 50°C [5]. 316L was used historically in the evaporation 
part of thermal processes; it is then compared to both lean duplex UR2304 and duplex UR2205. Figure 4 indicates that pits 
are observed for both the 316L austenitic grade and for UR2304 but a slightly higher pitting potential for the duplex grade. 
On the contrary, grade UR2205 does not exhibit a pitting potential because no pits are developed and the measured potential 
corresponds to the oxidation of the water. We can expect, therefore, that the pitting corrosion resistance for austenitic grades
will be slightly lower than for UR2304 and significantly lower than for UR2205. Figure 5 presents the values measured in a 
synthetic solution with slightly lower chloride content (30g/L instead of 50 g/L NaCl). For temperatures lower than 50°C, 
the difference between the two grades is in favour of the duplex stainless steel grade. For 50°C and higher, similar low 
values are reported. These results obtained with UNS S32304 show that 23% chromium in a duplex microstructure is at 
least as beneficial for pitting corrosion resistance as 17% chromium and 2% molybdenum in an austenitic microstructure. In 
addition to the high chromium content, a molybdenum addition significantly increases the corrosion resistance of duplex 
family (see UNS S32205 in Figure 4). 
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Figure 4. Pitting potential measured in a solution containing 50g/L NaCl at pH 6.5 and 50°C. 
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Figure 5. Pitting potential vs. temperature in solution containing 30g/L NaCl at pH 6.5. 
A joint corrosion testing program in actual plant conditions was run in cooperation with a well established desalination 
plant designer (SIDEM, Veolia Water group). Exposures were performed in two MED type evaporators, the first one in 
Saint Barthelemy and the second one in Saint Martin Island. Results have confirmed the superior behaviour of the duplex 
family on the austenitic. 
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By taking into account the lab and field tests, a dual concept was developed by the desalination plant designer with 
UR2304 for less corrosive parts and UR2205 for the most corrosive parts of the evaporators. In 2004, SIDEM used the 2 
duplex grades for the first time in a small unit in Qatar (2640 m3/d). In 2005, the first high capacity unit (36000m3/d) was 
erected for Layyah plant in the emirate of Sharjah. Then 10 units (27500 m3/d) for Al Hidd plant in Bahrein in 2006, 8 units 
(22000m3/d) for Zawiya, Derna and Susa plants in Libya in 2007, 27 units (29630 m3/d) for Marafiq plant, Al Jubail, KSA 
in 2008 and 12 units (38640 m3/d) for Fujairah, UAE in 2008 were built with these materials (see Figure 6). 
Figure 6.  MED unit using S32304 and S32205 for Fujairah plant [6]. 
3. Phosphoric acid industry 
3.1. Production 
In the process of  phosphoric acid production, several risks of corrosion may be encountered including uniform 
corrosion, corrosion-abrasion and corrosion-fatigue. On the basis of corrosion tests carried out in the laboratory completed 
by industrial field tests, a comparison of corrosion resistance of materials from the duplex and austenitic families is 
performed [7]. During a preliminary study a synthetic solution of phosphoric acid containing an amount of aggressive 
(H2SO4, Cl-, HF and H2SiF6) and beneficial impurities (oxidizing ions Fe3+ and Al3+) was established: 30%P205 + 2%H2SO4
+ 1.5%H2SiF6 + 0.35%Fe 3+ + 0.26%Al 3+ + 1000ppm Cl-. Two temperatures of process are tested: 80°C representing the 
so-called dehydrate process and 110°C the hemihydrate one. 
During the phosphate’s attack by sulfuric acid, one of the main risks is uniform corrosion. In this part of the process, the 
phosphoric acid concentration is 30%. The detrimental influence of hydrofluoric acid concentration on corrosion rate is 
evaluated both at 80 and 110°C (Figure 7 and 8). This is particularly highlighted on the superaustenitic grade UR904 that 
shows corrosion rate of 0.08mm/y without HF and 0.15mm/y when adding 0.2%HF at 80°C. This behavior is less important 
for grades containing more than 25%Cr. Temperature seems to have an important influence on the corrosion rate. At 110°C 
and in the less aggressive conditions, UR2507Cu presents a corrosion rate similar to 27%Cr containing alloy like UR31 or 
UR28. These materials contain a higher nickel content that increases their price and make superduplex very attractive. 
Regarding the most aggressive conditions, superaustenitic grades UR31 and UR28 shows a corrosion rate lower than 
0.2mm/yr that makes them compatible with an industrial use. 
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Figure 7. Influence of hydrofluoric acid concentration on 
corrosion rate of materials immersed in a synthetic solution at 
80°C containing 30%P205 + 2%H2SO4 + 1.5%H2SiF6 + 
0.35%Fe 3+ + 0.26%Al 3+ + 1000ppm Cl-.
Figure 8. Influence of hydrofluoric acid ocncentration on 
corrosion rate of materials immersed in a synthetic solution at 
110°C containing 30%P205 + 2%H2SO4 + 1.5%H2SiF6 + 
0.35%Fe 3+ + 0.26%Al 3+ + 1000ppm Cl- (* : no tested). 
During this step, abrasion-corrosion is also to consider since the media contains 30 to 40% solid particles and solutions 
are agitated to homogenize attack of phosphate ore by acid. To simulate this specific phenomenon, an apparatus allows 
impacting SiC particles onto specimen immersed in the corrosive synthetic phosphoric acid solution. Comparison between 
immersion and the same media with solid particle impacting material was made (see Figure 9). Results obtained show a 
greater impact of abrasive particles on the corrosion rate of the superaustenitic grade due to a lesser chromium content, 
necessary for repassivation process, and lower hardness properties that induces more mechanical damages of the passive 
film. Those test results were confirmed by industrial field tests on agitators. 
0,0
0,5
1,0
1,5
UR2507Cu UR904
C
or
ro
si
on
 ra
te
 (m
m
/y
ea
r)
Corrosion
Abrasion - corrosion
Figure 9.  Abrasion effect on corrosion rate of stainless steel simulated by a projection of SiC particles (diameter 100Fm, at a rate of 5m/s) during 
immersion at 80°C in a synthetic solution containing : 30%P205 + 2%H2SO4 + 0.2%HF + 1.5%H2SiF6 + 0.35%Fe 3+ + 0.26%Al 3+ + 1000ppm Cl-.
Some internal equipment like agitators in attack steps may be subjected to corrosion-fatigue due to the combined action 
of cyclic stresses and the corrosive media. They can appear for applied stresses less important than the ultimate tensile stress
since the initiation is linked to a local breakdown of the passive film under stresses. Oligocyclic fatigue curves were plotted
on UR904 and UR2507Cu to estimate their crack susceptibility both in air and in the corrosive media encountered in the 
attack’s reactor represented by the synthetic phosphoric acid solution (see Figure 10). 
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Figure 10. Fatigue curve (applied stress vs. number of cycle) carried in air (f=30Hz) and in the corrosive media (f=1Hz, at 90°C, 30%P205 + 2%H2SO4 + 
0.2%HF + 1.5% H2SiF6 + 0.35%Fe 3+ + 0.26%Al 3+ + 1000ppm Cl-)
Curves analysis performed on smooth specimens show that endurance’s limit is 200MPa higher for UR2507Cu in 
comparison with UR904 that can be explained by their ultimate tensile stress difference. In the corrosive media, both 
materials present lower endurance’s limit but the superduplex grade still show a better behaviour. 
In order to focus on real in-service behaviour, notched specimen with a define geometry are tested (see Figure 11). Inside 
notch, stresses are concentrated as it may occur in industrial equipment. 
Kt = 1 (smooth specimen) Kt = 2 (notched specimen) 
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Figure 11. Fatigue curve (applied stress vs. number of cycle) carried in the corrosive media on notched specimens (f=1Hz, at 90°C, 30%P205 + 
2%H2SO4 + 0.2%HF + 1.5% H2SiF6 + 0.35%Fe 3+ + 0.26%Al3+ + 1000ppm Cl-).
Endurance’s limit measured on UR2507Cu and UR904 are respectively 105 and 90MPa. Even if mechanical properties 
and corrosion resistance of superduplex are higher than those of UR904, their fatigue-corrosion behaviour will be probably 
similar in the case of very localized defects where stresses are concentrated. It illustrates the fact that such devices under 
stresses must be carefully designed to avoid stress concentration. 
Mersen (previously Lumpp) manufactures with a well controlled design agitators in superduplex that are used with 
success in phosphoric acid plants. During the last 23 years, among the 259 agitators and 87 rakes delivered by Lumpp to 
OCP, more than 50% were built with the superduplex grade UR2507Cu (UR52N+).  
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Figure 12. UR2507Cu agitator in the digestor 
tank. 
Figure 13. UR2507Cu rake in a clarifier/settler tank.
3.2. Transport 
After its production, phosphoric acid is carried in tanker for transport. At warm places some problems of loading 
temperature can be faced. Previously the maximum temperature of loading/unloading in the tankers was 40°C. The aim of 
the test presented hereafter is to determine the maximum loading temperature of phosphoric acid produced. The tested 
grades 316LN and UR2205 are the most used for this application, the classical austenitics 304L and 316L are added to the 
test program for comparison. Tests were done in industrial phosphoric acid coming from a plant and containing impurities 
as expressed in Table 3. After one week of immersion in the industrial solution at 50°C, 55°C and 60°C, the weight losses of 
the specimens were measured, and the corrosion rates were calculated. The values are reported in Figure 14. For the first 
series (50°C), the 304L is the only grade with a corrosion rate over 0.1mm/year. For the second and third series (55 and 
60°C), the corrosion rates increase for all grades but only the 304L and 316L go over the 0.1mm/year limit. For all tests 
performed in that study, no localized corrosion signs have been observed. This observation can be explained by the low 
content in chlorides of the solution (310ppm). The electrochemical potentials recorded during the first series at 50°C (see 
Figure 15) confirm the behaviour of the tested grades; they always remain in the range +210 to +410 mV vs Ag/AgCl, that 
is in the passive domain of the materials in the phosphoric acid solutions. Duplex UR2205 appears to be the most resistant 
of the tested grades due to its high content in Cr and Mo. It will be recommended for the transport of this kind of P2O5
solution with temperature of loading/unloading up to 60°C. 
Table 2. Composition of the tested phosphoric acid. 
Aluminium (as Al) 0.26% 
Calcium (as Ca)  0.016% 
Cl (Chloride)   0.031% 
F (Fluoride)   0.30% 
Fe  (Iron) 0.37% 
Insolubles in water 0.63% 
Magnesium (as Mg) 0.69% 
P205   56.80% 
Sulphate (as S04 ) 2.65% 
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As a conclusion a higher safety margin is obtained when using duplex grades in replacement of austenitic ones for 
phosphoric acid transport. 
Based on the same technical approach, the last paragraph of this paper present the new lean duplex developed by 
Industeel and its possible domains of applications. 
4. Potable water industry 
Low alloyed duplex grade UR2202 contains higher Cr (22.5%), higher N (0.20%) and lower Mo amount combined with 
increased mechanical properties. This grade was developed to match the corrosion resistance of 304 or 304L in most 
environments and provide twice their mechanical strength [8]. The Ni content was optimized to obtain crevice corrosion 
resistance and toughness properties without increasing the material’s cost. The N content was adjusted to obtain a 
microstructure of approximately equal amounts of ferrite and austenite after an annealing treatment performed in the range 
980 - 1100°C range. This grade is Mo free to provide a more stable microstructure and additional cost stability. 
Localized corrosion may be encountered in the water distribution system or in storage tanks that is why pitting corrosion 
resistance of both 304L and UR2202 have been evaluated by means of pitting potential measurements and long term 
immersion at the corrosion potential [9].  
Figure 16 shows the results obtained in a 250ppm chloride containing solution at pH 5.5. This concentration was chosen 
because 250ppm of chloride is the maximum concentration allowed in drinking water standards [10-12]. No pitting potential 
has been measured on the UR2202 coupon at 25°C whereas pits do initiate around 800mV/SCE on 304L coupon. 
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Figure 16: pitting potential in 250ppm chloride containing solution at pH 5.5 and 25°C / 77°F. 
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Figure 14. Corrosion rate as a function of immersion 
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Figure 15. Corrosion potential during the first series at 
50°C. 
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When pH loses one unit and chloride concentration increases up to 1000ppm, the pitting potential of 304L decreases to 
670mV/SCE whereas UR2202 is still not prone to pitting (see Figure 17). At 50°C and then 80°C, the pitting potential 
measured on the duplex grade is slightly higher than that of the 304L. 
0
250
500
750
1000
1250
1500
25 50 80
Temperature (°C)
P
itt
in
g 
po
te
nt
ia
l (
m
V
/S
C
E)
304L
S32202
Figure 17: pitting potential in 1000ppm chloride containing solution at pH 4.5. 
When chloride content increases up to 5000ppm, the pitting potential of the lean duplex grade still decreases but it 
remains higher in all cases than that of the austenitic grade (see Figure 18).  
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Figure 18: pitting potential in 5000ppm chloride containing solution at pH 4.5. 
In summary, at ambient temperature, the pitting corrosion resistance of UR2202 is much better than that of 304L whereas 
when the temperature increases up to 50°C and 80°C, it is at worst similar. 
The corrosion potentials of the two stainless steels, immersed in 1000ppm chloride containing solution at pH 4.5 and 
25°C, increase quickly during the first 4 days then reach a relatively stable value around 100 – 120mV/SCE. A limited 
number of potential instabilities were observed during the one month immersion showing that the passive layer built in this 
environment is relatively stable. After one month, no pits were observed and the calculated uniform corrosion rate is lower 
than 0.5m/y (see Figure 20). 
320   Pauline Boillot and Jérôme Peultier /  Procedia Engineering  83 ( 2014 )  309 – 321 
-200
-100
0
100
200
0 200 400 600 800
Time (h)
O
pe
n 
ci
rc
ui
t p
ot
en
tia
l (
m
V
/S
C
E)
304L
S32202
Figure 19. Corrosion potential versus time in 1000ppm chloride containing solution at pH 4.5 and 25°C. 
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Figure 20. Pictures of surfaces after the immersion test in 1000ppm chloride ion solution at pH 4.5 and 25°C. 
Based on these results, the new lean duplex UR2202 appears to be a substitution candidate for 304L in mildly aggressive 
environments such as potable or drinking water. Regarding the others metallic materials used for decades in potable water 
applications, ductile iron or cast iron, selecting stainless steels may offer several advantages. First of all, due to their 
extremely low corrosion rates in a wide range of waters, stainless steels seem more hygienic. The leaching rates of stainless 
steels are in agreement with different drinking standards as shown for 316L in a solution simulating drinking water [13]. 
Stainless steels have been used for more than fifteen years for manufacturing, storage and transport of beer, juice soda and 
wine. Due to this excellent corrosion resistance, monitoring of water chemistry to mitigate corrosion attack is not necessary. 
Another point to be considered in the material selection is the mechanical characteristics. Using high strength grades allows 
a reduction of the wall thickness for pipes, especially in the case of higher design pressures (10 bars and more), or for 
storage tanks. Among the stainless steels family, the duplex materials exhibit much higher mechanical properties than the 
austenitic grades (about twice the yield strength, see Table 1. So, compared to other materials used for pipes or storage tanks
in a potable distribution network, duplex grade can help reduce investment costs. Moreover, as stainless steels are not 
coated (internal and/or external), modifications of water systems are more easily and quickly achieved. 
5. Conclusion 
Material selection has evolved to more technically adapted or more economical solutions in the industry by increasing 
the duplex use during the last fifteen years. 
Several applications are detailed: 
x lean duplex UR2304, duplex UR2205 or superduplex UR2507 in the potable water production from seawater, 
x superduplex grades UR2507Cu and superaustenitics UR904, UR28 and UR31 in the production of phosphoric acid, 
x and duplex UR2205 for chemical transport or storage of phosphoric acid, among others. 
The new lean duplex UR2202 (EN 1.4062 – UNS S32202) has been recently developed as alternative to 300-series like 
304L and in some cases 316L and is less susceptible to nickel and molybdenum price fluctuation. This new material appears 
to be a great alternative to austenitics and other metallic solutions in potable water applications. 
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